Physical activity decreases risk for diabetes and cardiovascular disease morbidity and mortality; however, the specific impact of exercise on the diabetic vasculature is unexamined. We hypothesized that an acute, moderate exercise intervention in diabetic and hypertensive rats would induce mitochondrial biogenesis and mitochondrial antioxidant defence to improve vascular resilience. SHHF/Mcc-fa cp lean (hypertensive) and obese (hypertensive, insulin resistant), as well as Sprague Dawley (SD) control rats were run on a treadmill for 8 days. In aortic lysates from SD rats, we observed a significant increase in subunit proteins from oxidative phosphorylation (OxPhos) complexes I-III, with no changes in the lean or obese SHHF rats. Exercise also increased the expression of mitochondrial antioxidant defence uncoupling protein 3 (UCP3) (p < 0.05) in SHHF lean rats, whereas no changes were observed in the SD or SHHF obese rats with exercise. We evaluated upstream signalling pathways for mitochondrial biogenesis, and only peroxisome proliferatorsactivated receptor gamma coactivator 1α (PGC-1α) significantly decreased in SHHF lean rats (p < 0.05) with exercise.
Introduction
The emerging epidemics of diabetes and metabolic syndrome are contributing to a worldwide cardiovascular public health crisis. These epidemics are driven by sedentary behaviour and over-nutrition. Reduction in cardiovascular disease (CVD) risk and mortality associated with physical activity and physical fitness is firmly established. 1, 2 Low cardiovascular fitness predicted cardiovascular and all-cause mortality in a study of both healthy and diabetic men. 3, 4 Even occasional physical activity in humans (one or less bouts per week) conferred a hazard ratio of 0.70 compared to no physical activity. 5 Despite the strong, demonstrated benefits of exercise, the precise vascular targets conferring these improved outcomes are unknown.
Mitochondrial dysfunction has recently emerged as a risk for vascular disease. [6] [7] [8] Mitochondrial integrity is essential for calcium-mediated vasodilation and normal contractile function. 9 Specifically, ageing, diabetes, hyperlipidaemia and mitochondrial diseases, such as MELAS (mitochondrial myopathy, encephalopathy, lactic acidosis and stroke) syndrome, were associated with increased vascular mitochondrial reactive oxygen species (ROS) generation, vascular stiffness, mitochondrial mutations, fragmentation and abnormal calcium regulation (important for vasomotion and vascular stiffness). [6] [7] [8] 10 In addition, skeletal muscle mitochondrial dysfunction was observed in both type 1 diabetes mellitus (T1D) and type 2 diabetes mellitus (T2D). In T2D, mitochondrial dysfunction was related to insulin resistance and was present in offsprings of people with T2D even prior to diagnosis of diabetes. 11 Increase in antioxidant defence, increase in mitochondrial numbers and decreased mitochondrial DNA mutations were observed in response to exercise training in the aorta; 12 however, the impact of diabetes on this response has not been reported. Previous studies have found positive vascular metabolic and antioxidant outcomes in rats exposed to short-term and acute exercise regimens. 11, 12 Acute exercise interventions (as short as 8 days) led to induction of endothelial nitric oxide synthase (eNOS), catalase and manganese superoxide dismutase (MnSOD) in the aorta of the low-density lipoprotein (LDL) receptor-null mouse. 13 Similar effects were seen in young apolipoprotein E (ApoE)-null mice but not older ApoE-null mice, suggesting that chronic vascular disease might blunt the vascular response to exercise. 13 In rodents, exercise training increased muscle mitochondrial biogenesis, increased mitochondrial antioxidant defence and decreased mitochondrial DNA damage. 14 Mitochondrial content and function are regulated by diverse signals. For example, nitric oxide (NO) regulates mitochondrial biogenesis and is increased in response to exercise-induced eNOS activation. Most important, eNOSnull mice had defects in skeletal muscle mitochondrial biogenesis, [15] [16] [17] [18] and subsequent baseline decreases in skeletal muscle oxidative capacity and overall exercise capacity (as measured running time). 15 It was recently reported that the transcription factor cyclic adenosine monophosphate response element binding protein (CREB) is an upstream regulator of mitochondrial biogenesis and mitochondrial antioxidant defence in cardiac myocytes. 16 We have observed that myocardial CREB can be activated by exercise training. 19 Induction of CREB and pivotal targets of CREB [Bcl-2, MnSOD, haem oxygenase-1 (HO-1)] in response to exercise training is also observed in the nervous system. 17, 18 In addition, acute exercise intervention increases active neuronal CREB and contributes to improved recovery from ischaemia, stroke and memory tasks post seizure. 19, 20 We hypothesized that a short-term exercise intervention in diabetic and hypertensive models would induce vascular mitochondrial biogenesis and mitochondrial antioxidant defence to improve vascular resilience, potentially via a CREB-mediated mechanism. We examined the impact of a moderate, 8-day exercise intervention on vascular mitochondrial profiles and established regulators of mitochondrial function on rodent models of hypertension and hypertension plus obesity, insulin resistance and glucose intolerance. These experiments revealed an unexpected effect of these disease states on the vascular response to exercise intervention.
Methods

Materials
Antibodies to CREB (source species: rabbit), phosphorylated CREB (pCREB; Ser133; source species: rabbit), ubiquitin (source species: mouse) and anti-mouse and antirabbit IgG [alkaline phosphatase (AP)-linked antibodies] were obtained from Cell Signaling. Antibodies to cytochrome c (source species: mouse) and eNOS (source species: mouse) were from BD Biosciences. Antibody to MnSOD (source species: rabbit) was acquired from Upstate Biotechnology, and antibody to uncoupling protein 3 (UCP3; source species: rabbit) was from Calbiochem. Antibodies to voltage-dependent anion-selective channel (VDAC; source species: mouse) and mitochondrial oxidative phosphorylation (OxPhos) complexes I, II, III, IV and V (source species: mouse) were obtained from MitoSciences. Antibodies to 5′ adenosine monophosphateactivated protein kinase (AMPK; source species: goat) and peroxisome proliferators-activated receptor gamma coactivator 1α (PGC-1α; source species: rabbit) and anti-goat IgG (AP-linked antibodies) were from Santa Cruz Biotechnology. Antibody to nitrotyrosine (source species: mouse) and thiobarbituric acid reactive substances (TBARS) assay were from Cayman Chemical, and antibody to calnexin (source species: rabbit) was from Abcam. Protease inhibitor cocktail and antibody to β-actin (source species: mouse) were acquired from Sigma-Aldrich. Mammalian Protein Extraction Reagent (M-PER) was from Thermo Scientific, and immobilon-P polyvinylidene difluoride (PVDF) membrane was from Millipore. CDP-Star Reagent was from New England BioLabs, and protein A sepharose beads were from GE Healthcare.
Animals
We used the SHHF/Mcc-fa cp (SHHF) rat, a genetic model that has been selectively bred for Spontaneous Hypertension and Heart Failure. Two distinct strains of the SHHF rat were used to examine the impact of an acute exercise intervention in rats with hypertension alone (SHHF lean) and rats with hypertension plus obesity, insulin resistance and glucose intolerance (SHHF obese). Sprague Dawley (SD) rats were used as the control group. Male, 16-weeks old, SD (n = 10), SHHF lean (n = 10) and SHHF obese (n = 10) rats were used for the studies. The use of animals and all of the experimental interventions used in this study received prior approval from the Institutional Animal Care and Use Committee at the University of Colorado at Boulder.
Exercise intervention
SD, SHHF lean and SHHF obese rats were divided into exercise and sedentary groups and subjected to 8 days of treadmill exercise following acclimation. Acclimation took place over the course of 1 week and began by placing rats on a stationary treadmill (0% grade) for 5-15 min on day 1 with progressively increased speed to 10 m/min on treadmill by the end of the week. Exercised animals were run on the treadmill (0% grade) at 15 m/min for 30 min on days 1 and 2 and for 45 min on days 3-8. This particular exercise paradigm was chosen based on previous shortterm, moderate exercise interventions in the literature examining antioxidant profiles and eNOS. 11, 12 The sedentary animals were placed on the non-moving treadmill for the same amount of time each day for acclimation and exercise periods. Animals were anaesthetized 24 h after their last exercise bout by intraperitoneal injection of pentobarbital sodium (35 mg/kg body weight). A blood glucose measurement was made from the tail vein using a glucometer at this time. Blood was taken by cardiac puncture and saved as serum at −80°C until further analysis. The aortas were removed, frozen and also stored at −80°C until analysis, and retroperitoneal fat depots were weighed.
Serum analyses
Insulin was measured in the serum using the ALPCO Insulin (Rat) ELISA. Serum was analysed and quantified for a panel of 27 cytokines by RayBiotech, Inc., using their Rat Cytokine Array 3 Quantibody multiplex ELISA array kit. Due to sample limitations, a representative sampling (n = 4-6) was analysed from each group.
Preparation of tissue for Western blot analyses and immunoprecipitation
Protein extracts from aortas were prepared as previously described. Briefly, aortas were pulverized to a powder in mammalian cell lysis buffer [M-PER with 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM ethylene glycol tetraacetic acid (EGTA), 5 mM Na 4 P 2 O 7 ·10H 2 O, 1 mM Na 3 VO 4 , 20 mM NaF, 500 mM okadaic acid and 1% protease inhibitor cocktail] under liquid nitrogen. Once thawed on ice, samples were homogenized using an Ultra-Turrax T8 Homogenizer (IKA). Homogenates were centrifuged at 18,000 × g, 4°C for 10 min, and the protein concentration of the supernatant was analysed by Bradford protein assay.
Western blot analyses
Protein samples (20-30 µg) in Laemmli sample buffer [LSB; boiled together with dithiothreitol (DTT)] were run on sodium dodecyl sulphate (SDS)-12% polyacrylamide gels. The resolved proteins were electrophoretically transferred to PVDF membranes, and equivalence of protein loading was assessed by staining of the membrane-bound proteins by Ponceau S stain. Blots were probed using specific primary antibodies of interest and followed by AP-linked secondary antibodies. Proteins were detected by chemiluminescence using CDP-Star Reagent on film, and densitometric analysis was performed using BioRad QuantityOne software. Due to sample limitations, a representative sample (n = 3-10) was analysed from each group.
CREB-ubiquitin immunoprecipitation
A 100-200 µg protein sample in mammalian lysis buffer (from Western blot tissue preparation) was pre-cleared with sepharose beads conjugated with protein A in buffer 1 [1% IGEPAL and 0.1 mM Na 3 VO 4 in phosphate-buffered saline (PBS)]. After rotating at 4°C for 30 min, sample was centrifuged at 2000 × g for 1 min and the supernatant was removed, and then the supernatant was incubated with CREB antibody (1:250) and rotated at 4°C for 16 h. Protein A sepharose beads in buffer 1 were added and rotated at 4°C for 2 h. After centrifuging at 2000 × g for 1 min, the supernatant was removed and discarded, and the beads were washed four times with buffer 1 and four times with buffer 2 (10 mM Tris pH 7.5, 100 mM NaCl, 1 mM EDTA and 0.1 mM Na 3 VO 4 ). Immunoprecipitated (IP) CREB proteins were eluted from the beads with LSB and subjected to Western blot analyses probing for ubiquitin, followed by AP-linked secondary antibodies detection by chemiluminescence on film and densitometric analysis. Due to sample limitations, a representative sample (n = 4-9) was analysed from each group.
Statistical analyses
Student's t-tests were performed in the analysis of Western blots; significance level was set at p < 0.05. One-way analyses of variance (ANOVAs) were performed in the analysis of blood glucose, body weight, fat pad weight, serum insulin and serum cytokines with Tukey's pairwise comparison; significance level was set at p < 0.05. Table 1 illustrates the characteristics of the SD, SHHF lean and SHHF obese rats. Body weight, glucose, insulin and retroperitoneal fat mass were all significantly higher in the SHHF obese rats compared to both SD and SHHF lean rats at baseline. Insulin levels appeared higher in the SHHF lean compared to SD rats at baseline (sedentary), yet there was no significant difference between the baseline insulin and glucose levels or retroperitoneal fat weight of the SD and SHHF lean rats. SHHF lean rats weighed 16% less than SD rats (p < 0.05). These parameters are consistent with a graded model of cardiometabolic risk from control to isolated hypertension and finally to hypertension, obesity, plus mild hyperglycemia/diabetes. Body weight, glucose, insulin and retroperitoneal weight were not significantly changed by the 8-day exercise intervention in any group.
Results
Rat characteristics
Characterizations of inflammation and oxidant stress
Inflammation and oxidant stress are closely linked to diabetes and CVD. It has also been reported that exercise acutely stimulates and chronically decreases inflammation. 12, [21] [22] [23] Therefore, we performed a cytokine array on serum from sedentary and exercised rats. Of the 27 cytokines assayed, 9 are presented in Table 2 ; the remaining cytokines from the assay panel [B7-2, β-nerve growth factor (NGF), cytokine-induced neutrophil chemoattractant-1 (CINC-1), CINC-2, CINC-3, ciliary neurotrophic factor (CNTF), granulocyte macrophage colony simulating factor (GM-CSF), interleukin (IL)-1β, IL-2, IL-4, IL-13, lipopolysaccharide-induced CXC chemokine (LIX aka CXCL5), L-selectin, platelet derived growth factor (PDGF)-AA, prolactin R, receptor for advanced glycation end products (RAGE), thymus chemokine-1 (TCK-1) and vascular endothelial growth factor (VEGF)] are presented in the supplementary material. Unexpectedly, neither the SHHF lean nor the obese group had elevated levels of cytokines that indicate systemic inflammation compared to each other or to the SD group at baseline ( Table 2 ). In fact, IL-1α was 74% lower (p < 0.05) and fractalkine, IFNγ and IL-10 were more than 30% lower in the sedentary SHHF obese rats compared to the sedentary SD rats (not significantly different). The 8-day, moderate exercise intervention did not significantly change any of the cytokines in Table 2 . We next evaluated a measure of nitrative stress when aortic lysates were probed for nitrotyrosine. At baseline, SHHF obese rats showed a significantly lower level of protein tyrosine nitration in the aorta when compared to SHHF lean rats (p < 0.05, Figure 1 ). Consistent with this, serum TBARS [micromolar malondialdehyde (MDA) equivalents] levels were more than twofold higher in the SHHF obese rats (11.2 ± 0.4 µM sedentary, 11.0 ± 0.9 µM exercise) when compared to SD and SHHF lean rats both at baseline (4.6 ± 0.4 µM and 4.9 ± 0.4 µM, respectively) and after exercise (5.1 ± 0.2 µM and 5.2 ± 0.5 µM, respectively). Potential caveats are that the TBARS (as a measure of MDA) may be overestimated in the SHHF obese rats since serum lipids are elevated in this model, 24 and MDA is not solely generated by lipid peroxidation. Our future directions include more comprehensive evaluation of oxidant stress by measuring ROS generation, lipid peroxidation, protein oxidation and antioxidants in the vasculature of diabetic models.
Examination of aortic mitochondrial protein expression
We performed Western blots to examine the components of the mitochondrial OxPhos system in aortic lysates. Complexes I and II were significantly lower in SHHF obese rats compared to SHHF lean rats at baseline (sedentary), while complex V trended lower in the SHHF obese rats (Figure 2 ).
Others have reported increased vascular mitochondrial expression in response to exercise, 13,14 so we next examined the impact of a short-term, moderate exercise intervention in the SHHF lean and obese rats. SD rats were included as well to provide representation of a 'normal' response to this particular exercise protocol. Complexes I, II and III significantly increased with 8 days of moderate exercise in the SD rats with no significant changes in either the lean or obese SHHF rats ( Figure 3 ). Aortic lysates were analysed for expression of the mitochondrial inner membrane cytochrome c and the outer membrane protein VDAC (Figure 4(a) and (b) ). Cytochrome c transfers electrons from complex III to IV. VDAC (Porin1) is a major permeability factor of the mitochondrial outer membrane and is used as a mitochondrial marker, reflecting changes in mitochondria number. While cytochrome c trended higher after exercise in the SD rats (p = 0.075, Figure 4 (a)), VDAC levels did not change with exercise in any of the groups (Figure 4(b) ).
Examination of mitochondrial antioxidant defence
We next examined the impact of 8 days of moderate exercise upon UCP3 and MnSOD, antioxidant proteins important for mitochondrial antioxidant defence (Figure 5(a) and (b)). There was a significant increase in UCP3 (p < 0.05) in the SHHF lean rats with exercise as well as a trend of increase in MnSOD (p = 0.1), but there was no significant change in either protein in the SD and SHHF obese rats.
CREB content, activation and ubiquitination
Aortic CREB content was decreased in a spectrum of rodent models of CVD risk (hypertension, obesity, diabetes, metabolic syndrome and dyslipidaemia). 25, 26 We previously reported that CREB content is decreased in aortic lysates from SHHF lean and obese rats and that the obesity decreased the vascular CREB content more than the SHHF lean phenotype alone. 25 Reports in brain and β cells demonstrated induction of CREB protein and phosphorylation with exercise training. 17, 27 We examined CREB and active Ser133 pCREB in aortic lysates. The 8-day exercise intervention did not significantly change CREB or pCREB activity in the SD, SHHF lean or obese rats ( Figure 6 ). We recently demonstrated in an in vitro model of pulmonary hypertension that vascular smooth muscle cell CREB loss is secondary to ubiquitin-mediated degradation 28, 29 ; thus, we examined the impact of an 8-day exercise intervention on CREB ubiquitination in vivo. There appeared to be a decrease in CREB ubiquitination in the SD, although it was not statistically significant ( Figure 7) .
AMPK, PGC-1α and eNOS
Observed increases in the mitochondrial OxPhos complexes were not explained by CREB content or its activation; we next looked at other classical upstream signalling pathways of the mitochondrial exercise response. Eight days of exercise did not induce any changes in eNOS protein expression in the aortas of SD, SHHF lean or obese rats 24 h post final exercise bout (Figure 8(a) ). We also did not see changes in PGC-1α or AMPK expression in the SD or SHHF obese rats (Figure 8(b) and (c)); however, the PGC-1α levels significantly decreased in SHHF lean animals (p < 0.05, Figure 8(c) ). 
Discussion
The mitochondria has a role in a broad spectrum of pathologies. In diabetes, decreased skeletal muscle mitochondrial content and function are present both in patients and their offspring at risk for the disease. 30, 31 In addition, there are reports of decreased mitochondrial flexibility to nutrient stress in diabetes. 32, 33 Vascular mitochondrial dysfunction has emerged as a risk for vascular dysfunction in general; [6] [7] [8] in diabetes, the effect of exercise on vascular mitochondrial adaptation and flexibility has not been examined. In this article, we specifically evaluated the vascular mitochondrial response to exercise exposure. We tested the effects of exercise on the vascular mitochondrial abundance in control, hypertensive and diabetic models to understand the vascular response to exercise intervention in health and disease. Previous studies reported that short-term exercise increases molecular pathways that regulate mitochondrial content and function. 11, 12, 34, 35 Specifically, acute exercise resulted in the activation of AMPK and also bolstered mitochondria against doxorubicin-induced damage, 11, 12 and thus, we elected to conduct our initial studies with a short-term exercise intervention. We present new evidence that there is impaired vascular mitochondrial adaptation to an 8-day exercise intervention in rat models of hypertension and metabolic syndrome with mild diabetes.
Non-disease states are characterized by the ability to maintain homeostasis in response to stresses such as exercise. 14 Previous reports in rat models indicated increased vascular and skeletal muscle mitochondrial numbers with exercise. 13, 35 We observed a significant induction of mitochondrial OxPhos complexes in the vasculature of SD rats with an 8-day exercise intervention. This observation indicated that the dose of exercise delivered to the SD rats was adequate to elicit the expected response in the SD rat, a standard control for SHHF rats. [36] [37] [38] The OxPhos machinery itself is organized into supercomplexes, and it may be the stoichiometries of OxPhos components that play a key role in regulating energy production, ROS generation and apoptosis. Higher order supercomplexes, called respirasomes, might allow for the increase in the rate and efficiency of electron transfer. Dynamic mitochondrial adaptation to an exercise stimulus improves mitochondrial content and quality. [39] [40] [41] Increase in mitochondrial content could be a consequence of increased mitochondrial biogenesis. We evaluated AMPK, PGC1-α, eNOS or CREB established upstream signalling pathways important for mitochondrial biogenesis. Of note, we did not observe the expected increase in AMPK, PGC1-α, eNOS or CREB activity with increased mitochondrial complex expression in the SD animals. Exercise did, however, significantly reduce AMPK activation by 25% in the SHHF obese but not the SHHF lean rats (p = 0.028, data not shown). Potentially, the mitochondrial adaptation may be downstream of the activation of other pathways or signalling agents, such as sirtuin 1 (SIRT1) or Nrf2, both known to promote mitochondrial biogenesis (reviewed in Gurd, 42 Houtkooper et al. 43 and Suliman et al. 44 ). It has been recently reported that aortic SIRT is activated in response to an acute exhaustive exercise bout without CREB or Akt stimulation. 34, 35 In addition, H 2 O 2 , induced by a bout of exercise, has also been found to directly activate pathways leading to mitochondrial biogenesis and macroautophagy. 44, 45 The most likely explanation for no change in these targets is that the dose of exercise used in this study acutely stimulated the established AMPK, SIRT, eNOS, CREB and possibly Akt pathways, and that these signalling events returned to baseline over the 24-h from bout to sacrifice. Future experiments in our laboratory will focus on the immediate exercise response to examine signalling and increased dose and duration of exercise training to more strongly perturb these pathways.
A recent metabolomics article suggested that increased antioxidant defence systems correlated with increased fitness in humans. 46 The increase in the mitochondrial OxPhos complexes in the SD rats was not accompanied by an expected increase in the mitochondrial antioxidant enzymes MnSOD and UCP3. As with the pathways outlined above, the 24-h window from end of final exercise bout to tissue collection may be enough time to mitigate the acute oxidant burden stimulated by exercise and return enzymes to baseline as a normal homeostatic response. In the SHHF lean rats, increases in the mitochondrial antioxidant enzymes are consistent with exercise-mediated vascular ROS not buffered by endogenous antioxidant defence and suggest that an increase in oxidative stress was not corrected within a 24-h time period. Of note, these same rats had a decrease in PGC-1α with the intervention. Transient decrease in PGC-1α has been observed in the myocardium during exercise adaptation, and it returns to baseline with adaptive training. 47 Both of these changes suggest a vascular tissue effect of the exercise intervention in the SHHF lean without full adaptive mitochondrial response at the 8-day interval. Lack of changes in the antioxidant enzymes in the SHHF obese is consistent with impaired ability to mount an antioxidant defence as a result of underlying chronic oxidative stress. Failed compensation for oxidant stress has been reported in rodent models and human subjects with diabetes (reviewed in Sheikh-Ali et al. 48 and Codoner-Franch 49 ). The disparate response in antioxidant defence across the three models reflects the complexity of redox balance and cannot be characterized by the current experimental design. eNOS and CREB are both upstream regulators of mitochondrial biogenesis. 15, [50] [51] [52] [53] [54] [55] [56] We failed to observe any response in eNOS protein in SD or SHHF rats with exercise. We observed a significant decrease in expression of nitrotyrosine, a proxy measurement of the presence of oxidative NO damage and NO synthesis, in the SHHF obese as compared with the SHHF lean aorta lysates. In the SHHF obese rats, this may be indicative of suppressed eNOS activity as previously reported. 57 Lower NO synthesis is observed with increased reactive oxygen, 57 which may be consistent with a more than twofold higher serum TBARS levels in the SHHF obese rats when compared to SD and SHHF lean rats both at baseline and after exercise. We failed to observe any significant changes in cytokine expression in representative pro-and anti-inflammatory agents, indicating a lack of chronic inflammation in our models with or without exercise. Decreased serum inflammatory cytokines in the SHHF obese rats would not have been predicted based on a recent report in the Zucker fatty model with an analogous leptin receptor mutation. 58 Similar to the eNOS results, measures of CREB content, activity and turnover were unchanged 24-h post final exercise bout in all three groups. CREB is a fundamental transcriptional regulator of the homeostatic response to physiological metabolic stress that is downregulated in the vasculature in diabetes. 26, 29, 59 Lack of a CREB response in any of the models was unexpected but is consistent with a recent study examining acute signalling after a bout of exhaustive exercise. 34 In the SD rats, this may be due to insufficient length or intensity of the intervention; lack of pCREB or CREB response in the SHHF animals may be due to the impaired physiological response to exercise in disease states, such as impaired activation of eNOS or PGC-1α.
The 8-day exercise intervention used in the present study was chosen based on previous interventions in the literature examining antioxidant profiles and eNOS. 60 The same exercise regimen was provided to all; as such, the obese animals had a greater relative workload from the intervention than the other animals. It is of note that the obese animals showed no response to exercise despite a greater amount of work during the exercise, supporting our hypothesis that exercise response is blunted in disease states. Future studies will focus on increased and matched workloads in diabetic models and controls.
In conclusion, exercise is a complex intervention with tissue-specific effects that need to be defined. 61 Our results demonstrate an increase in mitochondrial protein expression in healthy rats, absent in models of hypertension and insulin resistance. Overall, the significant aortic mitochondrial response in the SD rats suggests that this is an early adaption to exercise challenge in the 'healthy' vasculature. Lack of an antioxidant response in the SD is consistent with this small dose of exercise failing to induce persistent oxidant stress in the vasculature. This 'exercise resistance' in the SHHF models is likely mediated by suppression of the activity of molecular mediators of exercise-induced adaptation, which normally lead to enhanced eNOS, AMPK, PGC-1α and CREB activity with exercise. Our findings suggest that chronic vascular stress, either metabolic or hemodynamic, results in decreased sensitivity or resistance of vasculature to the positive adaptive responses normally induced by acute exercise; this supports the need for targeted research on exercise response in the context of disease. For example, to elicit a salutary response to exercise in disease states, the dose or type of exercise may be different. Clinical data suggest that this is true in diabetes, menopause and ageing. [62] [63] [64] [65] 
